Early deafness leads to re-shaping of global functional connectivity
  beyond the auditory cortex by Bonna, Kamil et al.
Early deafness leads to re-shaping of global functional connectivity
beyond the auditory cortex
Kamil Bonna1,2,+, Karolina Finc1,+, Maria Zimmermann3, Łukasz Bola3, Piotr Mostowski3,
Maciej Szul4, Paweł Rutkowski4, Włodzisław Duch1,2, Artur Marchewka5, Katarzyna Jednoróg6,
and Marcin Szwed3,*
1Centre for Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Toruń, Toruń, 87-100, Poland
2Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń, Toruń,
87-100, Poland
3Department of Psychology, Jagiellonian University, Kraków, 30-060, Poland
4Section for Sign Linguistics, Faculty of Polish Studies, University of Warsaw, Warsaw, 00-927, Poland
5Laboratory of Brain Imaging, Neurobiology Center, Nencki Institute of Experimental Biology, Polish Academy of Sciences,
Warsaw, 02-093, Poland
6Laboratory of Psychophysiology, Neurobiology Center, Nencki Institute of Experimental Biology, Polish Academy of
Sciences, Warsaw, 02-093, Poland
*m.szwed@uj.edu.pl
+these authors contributed equally to this work
March 29, 2019
Abstract
Early sensory deprivation such as blindness or deafness shapes brain development in multiple ways. While
it is established that deprived brain areas start to be engaged in the processing of stimuli from the remaining
modalities and in high-level cognitive tasks, some reports have also suggested the possibility of structural and
functional changes in non-deprived brain areas. We compared resting-state functional network organization of
the brain in early-deaf adults and hearing controls by examining global network segregation and integration.
Relative to hearing controls, deaf adults exhibited an altered modular organization, with regions of the salience
network coupled with the fronto-parietal network. They showed weaker connections between auditory and so-
matomotor regions, stronger coupling between the fronto-parietal network and several other large-scale networks
(visual, memory, cingulo-opercular and somatomotor), and an enlargement of the default mode network. Their
overall functional segregation of brain networks was also lower. Our findings suggest that brain plasticity in
deaf adults is not limited to changes in auditory cortex but additionally alters the coupling between other large-
scale networks. These widespread functional connectivity changes may provide a mechanism for the superior
behavioral performance of the deaf in visual and attentional tasks.
Keywords: brain plasticity, deafness, functional connectivity, graph theory, resting-state fMRI.
INTRODUCTION
The lack of input from one sensory modality profoundly
impacts brain development (Rauschecker et al., 1995;
Bavelier and Neville, 2002; Merabet and Pascual-Leone,
2010). First, a large body of data shows that the de-
prived brain regions become involved in the processing
of stimuli from remaining modalities. Following deaf-
ness, the auditory cortex becomes involved in tactile
(Lessard et al., 1998; Karns et al., 2012; Auer Jr et al.,
2007) and visual (Petitto et al., 2000; Finney et al.,
2001, 2003; Dewey and Hartley, 2015; Bola et al., 2017;
Scott et al., 2014) processing, while following blind-
ness the visual cortex becomes involved in tactile (Held
et al., 1996; Sadato et al., 1998) and auditory (Alho
et al., 1993; Kujala et al., 1997; Lessard et al., 1998; Ku-
jala et al., 2005) processing. Second, sensory deprived
areas can also become engaged in higher-level cogni-
tive tasks such as sign language processing (Nishimura
et al., 1999; MacSweeney et al., 2002; Sadato et al.,
2004), speechreading (MacSweeney et al., 2001; Capek
et al., 2008), visual attention (Bavelier et al., 2001) and
visuo-spatial working memory (Ding et al., 2015) in the
deaf and speech processing (Röder et al., 2002; Bur-
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ton et al., 2002; Burton, 2003; Amedi et al., 2003; Bur-
ton et al., 2006; Bedny et al., 2015), syntax processing
(Bedny et al., 2015; Lane et al., 2015; Bedny, 2017),
mathematical thinking (Kanjlia et al., 2016) and verbal
memory (Amedi et al., 2003) in the blind. This func-
tional reorganization has been associated with anatom-
ical changes in sensory deprived areas (Emmorey et al.,
2003; Jiang et al., 2009).
Alterations in the brain structure and function of
blind or deaf individuals are not restricted to sensory
deprived areas. In the blind, besides a volume reduction
in the visual cortex, several studies have reported an en-
larged auditory cortex (Elbert et al., 2002), hippocam-
pus (Fortin et al., 2008) and frontal brain areas (Leporé
et al., 2009). In the deaf, researchers found an increased
volume of the frontal areas (Leporé et al., 2010) and of
the insula (Allen et al., 2008). Moreover, deaf individu-
als showed an increased recruitment of multimodal pari-
etal and occipital areas during performance of attention
tasks (Neville and Lawson, 1987; Bavelier et al., 2000,
2001; Armstrong et al., 2002; Finney et al., 2003), and
an increased recruitment of the insula, anterior cingu-
late and thalamus during verbal memory tasks (Bave-
lier et al., 2008). As the presented evidence suggests,
changes caused by deprivation of sensory input are not
limited to the corresponding domain-specific cortices,
e.g. the primary auditory cortex in deafness. However,
the possible impact of these changes on whole-brain net-
work organization has not received adequate attention.
Resting-state fMRI (rsfMRI) offers a solution to in-
vestigate whole-brain functional network organization
with no explicit task requirements (Van Den Heuvel
and Pol, 2010). Using rsfMRI data, one can estimate
functional connectivity (FC) between different brain ar-
eas by measuring the temporal dependence of the low-
frequency (< 0.1 Hz) MRI signal fluctuations among
them (Friston et al., 1993; Biswal et al., 1995). Stud-
ies on early-blind subjects reported both enhancement
and attenuation of functional connections. In the blind,
FC enhancement was found between the visual and lan-
guage networks (Liu et al., 2007; Bedny et al., 2011) and
between the visual cortex and regions associated with
memory and cognitive control (Burton et al., 2014);
weakened connections were found mostly between the
visual and somatosensory networks, and between the
motor and auditory networks (Liu et al., 2007). Stud-
ies on deaf individuals found an increased FC of the
right auditory cortex (superior temporal gyrus, STG)
with key nodes of the salience network such as the an-
terior insula and the dorsal anterior cingulate cortex
(dACC) (Ding et al., 2016). Increased resting-state
FC was also reported between the right superior pari-
etal gyrus (rSPG) and the right insula, and between
the middle temporal gyrus and the posterior cingulate
gyrus (Li et al., 2016); this indicates that changes in
connectivity can occur beyond the deprived auditory
cortex.
Graph theoretical measures of rsfMRI functional
connectivity provide an effective way to describe and
understand the organizational features of brain net-
works in health, disease and throughout development
(He and Evans, 2010). To the best of our knowledge,
only one study so far has used graph theory measures
on rsfMRI data in early-deaf adults (Li et al., 2016). In
the whole brain analysis, Li and colleagues reported hub
regions in the frontal and parietal cortices in the deaf
but not in the control group. However, the authors did
not examine network integration or modular organiza-
tion, measures commonly applied to characterize plas-
ticity during development (Chen and Deem, 2015) and
following brain injury (Nakamura et al., 2009). Brain
network integration can be interpreted as the overall
efficiency in exchanging information, whereas modular
organization describes the propagation and processing
of local information. Thus, the question of the level
of integration and segregation of functional networks in
early-deaf adults remains unanswered.
The goal of the present study was to examine dif-
ferences between the whole-brain functional networks
of early-deaf and hearing adults. We sought to com-
pare whole-brain connectivity patterns between these
two groups, focusing on differences in the strength
of functional association between individual brain re-
gions as well as graph measures of the segregation and
integration of the entire network (Sporns, 2013; Van
Den Heuvel and Pol, 2010). We hypothesized that deaf
adults have increased integration of multiple cortical ar-
eas. Specifically, we expected to find differences in the
connection strength beyond the auditory network.
METHOD
Participants
Twenty-five early-deaf subjects (15 females; Mage =
27.8 ± 5.2; range 19-37 years) and 29 hearing subjects
(16 females; Mage = 27.2 ± 4.7; range 19-37 years) par-
ticipated in the study. All subjects were right-handed
with normal or corrected to normal vision and no neu-
rological or psychiatric diseases. Four deaf subjects and
eight hearing subjects were excluded from further anal-
yses due to excessive motion (more than 10% of out-
lier scans identified by a scrubbing procedure; see Data
Processing section) or image acquisition errors. After
exclusion, the deaf group consisted of 21 subjects (14 fe-
males; Mage = 26.6 ± 4.8; range 19-37 years) and hear-
ing group of 21 subjects (14 females; Mage = 26.6 ± 5.2;
range 19-37 years). The groups did not differ in age, sex
or years of education. The etiology of deafness was ei-
ther genetic (hereditary deafness) or pregnancy-related
(maternal disease or drug side effects). The mean hear-
ing loss was 100.2 dB (range 70–120 dB) for the left
ear and 101.4 dB (60–120 dB) for the right ear. All
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subjects had some experience with hearing aids (cur-
rently or in the past) but did not rely on them on a
daily basis. All subjects were proficient users of Polish
Sign Language (polski język migowy, PJM, a natural
visual-gestural language used by the deaf community
in Poland; see Table S1 for details). Written informed
consent was obtained from each participant. During the
study, deaf subjects were assisted by a PJM interpreter.
The research project was approved by the Committee
for Research Ethics of the Institute of Psychology of
Jagiellonian University, in accordance with the Decla-
ration of Helsinki.
Data acquisition
Neuroimaging data were collected using Siemens MAG-
NETOM Tim Trio 3T scanner with a 32-channel head
coil (Erlangen, Germany). Resting-state functional im-
ages covering the whole brain were acquired with a
gradient-echo planar imaging (EPI) sequence (33 ax-
ial slices in interleaved ascending order; repetition time
(TR) = 2190 ms; echo time (TE) = 30 ms, flip angle
= 90◦; field of view (FOV) = 192; matrix size = 64
× 64; slice thickness = 3.6 mm; voxel size = 3 × 3 ×
3.6 mm). During the 10-minute resting-state run, 282
volumes were obtained for each subject. Participants
were instructed to relax and focus on the fixation point
displayed on the screen. Communication with deaf sub-
jects in the scanner was provided in PJM via web-
cam video. High-resolution T1-weighted images were
acquired using a magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE) sequence (176 slices;
TR = 2530 ms; TE = 3.32; flip angle = 7◦; FOV =
256; voxel size = 1 × 1 × 1 mm).
Data processing
Neuroimaging data were preprocessed using the SPM12
toolbox (Wellcome Department of Imaging Neuro-
science, Institute of Neurology, London, UK) running
on MATLAB 8.3 (R2014a) (Mathworks, Natick, MA).
First, resting-state functional images were corrected
for acquisition time (slice-timing) and spatially re-
aligned to the mean image using rigid body registration.
Next, outlier scans with a mean signal higher than 3
SD and frame-displacement (FD) higher than 0.5 mm
were identified using the Artifact Detection Toolbox
(ART; http://www.nitrc.org/projects/artifact_
detect/). Only subjects with less than 10% of outlier
scans detected were included in the subsequent analy-
sis. There was no significant difference between the deaf
and the control group in the mean motion (t(39.85) = -
0.37; p = 0.71) and the number of outlier scans detected
(t(31.93) = -0.62; p = 0.54).
Then, the structural image was coregistered to the
first functional volume and functional images, gray mat-
ter, white matter (WM), and cerebrospinal fluid were
normalized to the MNI space (voxel size: 2 × 2 × 2
mm) using a unified normalization-segmentation algo-
rithm (Ashburner and Friston, 2005).
Further data processing for the purpose of func-
tional connectivity analysis was performed using the
CONN Functional Connectivity Toolbox v. 17.f
(Whitfield-Gabrieli and Nieto-Castanon, 2012) (http:
//www.nitrc.org/projects/conn/). The anatomical
component correction (aCompCor) strategy was used
to estimate and remove physiological noise (Behzadi
et al., 2007). The principal components of the subject-
specific WM, cerebrospinal fluid, as well as outlier
scans detected by the ART procedure and the six rigid-
body motion parameters (and their first level temporal
derivatives) were removed in covariate regression analy-
sis (Whitfield-Gabrieli and Nieto-Castanon, 2012). Fi-
nally, the resting-state time series were filtered using a
0.008–0.09 Hz band-pass filter to remove the effect of
high-frequency noise and low-frequency drift.
Network construction
A brain parcellation containing 264 regions of interests
(ROIs) provided by functional neuroimaging data meta-
analysis (Power et al., 2011) was selected to construct
correlation matrices for the purpose of the whole-brain
network analysis. This brain parcellation was exten-
sively validated on other datasets and was used to di-
vide the 264 ROIs into 13 large-scale networks (LSNs)
(Power et al., 2011; Cole et al., 2014). Each ROI was
modeled as a 10 mm diameter sphere centered around
the coordinates listed by Power et al. (Power et al.,
2011). Six ROIs (four cerebellar ROIs and two ROIs
covering the inferior temporal gyrus) were excluded
from analysis due to incomplete coverage of the brain
in some participants. Denoised functional time series
were extracted from the remaining ROIs and Pearson’s
correlation coefficients were calculated for each pair of
regions. This resulted in one 258 × 258 correlation
matrix for each participant. Finally, Fisher’s transfor-
mation was used to normalize Pearson’s correlation co-
efficients into z-scores.
Edge-wise comparisons
We aimed to identify functional connections for which
the connection strength was either increased or de-
creased in the deaf group in comparison to the con-
trol group. We used a mass univariate approach by
independently testing each of the m = 33153 functional
connections for difference in connectivity strength be-
tween deaf and control subjects with a two-tailed t-
test. Then, we estimated associated p-values and cor-
rected with false discovery rate (FDR), using bootstrap
method with Nper = 10000 permutations (Genovese
et al., 2002).
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Whole-brain graph measures
In order to determine if functional brain networks ex-
hibit different topological properties in hearing ver-
sus deaf subjects, for each participant we created a
weighted, undirected graph by proportionally thresh-
olding the functional connectivity matrix to retain the
top 10-25% functional connections (with a step of 5%).
Here we present the results for the remaining 25% of
connections. As graph metrics depend on network cost
(sum of connection strengths) (Rubinov and Sporns,
2011), we normalized them – on a subject level – against
a set of randomly rewired null networks (Maslov and
Sneppen, 2002). Specifically, for each functional net-
work we created 100 null networks with preserved size
and degree distribution, and random topology. Then, to
estimate null distributions of network metrics we calcu-
lated them for respective set of null networks. Finally,
we normalized each functional network metric by di-
viding it by the mean value of the corresponding null
distribution. We focused on two widely used graph met-
rics of network segregation and integration: modularity
and global efficiency. All graph measures were calcu-
lated using the Brain Connectivity Toolbox (Rubinov
and Sporns, 2010).
The modularity of a network quantifies the extent
to which it can be divided into modules. Informally,
module is densely interconnected set of nodes sparsely
connected with the rest of the network (Newman, 2006).
For a weighted network, modularity is calculated by
maximizing the modularity quality function:
Q =
1
v
∑
ij
(Aij − sisj
v
)δmi,mj ,
where Aij is a weighted connection strength between
nodes i and j, v is the cost of the network v =
∑
ij Aij ,
si =
∑
iAij is the strength of a node, and δmi,mj is the
Kronecker delta that equals 1 when nodes i and j be-
long to the same community and 0 otherwise. To find
the community structure by maximizing Q, we ran the
Louvain algorithm (Blondel et al., 2008) 100 times per
network, and considered the division that yielded the
highest modularity value.
Global efficiency Eglo enabled us to quantify a net-
work integration by measuring the length of short-
est paths between pairs of network nodes. In a
weighted network the shortest path can be calculated
as the path with a smallest sum of inverse weights,
since the stronger connections are intuitively associated
with more efficient communication. Formally, weighted
global efficiency is given by:
Eglo =
1
n(n− 1)
∑
i
∑
j,j 6=i
(dij)
−1,
where dij is shortest weighted path length between
i and j.
To test whether graph metrics differ between
deaf and hearing groups we used the non-parametric
Wilcoxon rank sum test (Wilcoxon, 1945).
Large-scale brain networks
To assess more general differences of the large-scale
brain systems between hearing and deaf participants
we examined the modular structure of the functional
networks in both groups. For each group, we created
a single representative network by averaging connec-
tion strengths across subjects. To eliminate insignif-
icant connections in each group-averaged connection
matrix we calculated the significance of the connection
strength against zero. Assessed p-values were corrected
using the false discovery rate (FDR) method for both
groups separately (Genovese et al., 2002). Connections
that survived thresholding, i.e. those with pFDR <
0.05, were retained in the group-averaged connection
matrix. Next, to establish a representative modular
structure, we ran the Louvain algorithm 1,000 times for
both group-averaged networks and considered runs that
produced divisions with the highest modularity value.
Finally, we compared the modular structure in the deaf
and hearing group with the large-scale network division
revealed by resting-state meta-analysis (Power et al.,
2011; Cole et al., 2014).
In order to quantify our findings, we calculated the
overlap coefficient between empirically found modules
and well-known large-scale brain systems. Overlap co-
efficient is a measure of similarity between two overlap-
ping sets. Here, as sets we consider subsets of nodes
grouped together in large-scale module. Formally, for
two sets A and B overlap coefficient is given as
overlap(A,B) =
|A ∩B|
min(|X| , |Y |) ,
where |·| denotes the number of elements of the set.
Note that the overlap coefficient equals one for every
pair of sets that A ⊆ B or B ⊆ A.
RESULTS
Edge-wise whole-brain differences between the
deaf and hearing
We compared the strength of all pairwise functional
connections (edges) between 258 ROIs in the deaf ver-
sus the control group. These comparisons revealed 10
weaker and 5 stronger connections in early-deaf adults
(Fig. 1, FDR corrected p < 0.05). Weaker connections
in the deaf relative to the controls were found mostly be-
tween the auditory and somatomotor networks, as well
as between the visual network and regions not assigned
to any large-scale networks. Interestingly, stronger con-
nections in the deaf were found between regions be-
yond the auditory network. These included two en-
hanced connections between the default mode network
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and the subcortical network. Enhanced connections
were also found between the fronto-parietal and default-
mode networks, between the fronto-parietal and visual
networks and between the memory and somatomotor
networks (see Fig. 1b for edge counts after large-scale
network assignment).
Differences in whole-brain graph measures
Functional brain network topology is believed to sup-
port an optimal balance between functional segrega-
tion and integration enabling complex network dynam-
ics (Tononi et al., 1994). These two network features
can be captured using two graph theory measures:
modularity index for segregation (Newman, 2006) and
global efficiency for integration (Latora and Marchiori,
2001). Here, we tested whether these measures differ
between deaf and hearing subjects (Fig. S1). Anal-
ysis performed on brain graphs parcellated with 258
functional ROIs revealed significant differences in net-
work modularity (z− val = -2.36; p = 0.019, Wilcoxon
rank sum test, see Methods) between the two groups.
Whole-brain modularity was lower in deaf participants
(Qdeaf=3.50; std(Qdeaf ) = 0.31) than in hearing partic-
ipants (Qcontrol = 3.65; std(Qcontrol) = 0.14 Wilcoxon
rank sum test). A significant difference in modularity
was also observed for functional networks constructed
for all threshold values (p < 0.05). The difference in
functional network integration measured as global effi-
ciency (z − val = 1.26; p = 0.21, Wilcoxon rank sum
test) was not significant. Taken together, these re-
sults imply that functional brain networks in early-deaf
adults are less segregated than those in hearing adults.
Group-average modular organization
In the analysis that followed we assessed the modu-
lar division of the group-averaged networks using a
data-driven approach(Blondel et al., 2008) (see Meth-
ods). We found that for both groups this approach
returned a connectivity structure arranged into four
large-scale functional modules (Fig. 3, Fig. S1): the
fronto-parietal (FP) module, the multi-system (MS)
the default mode module (DM) and the visual mod-
ule (VIS). In both groups we then analyzed the overlap
of these four modules with 13 well-known large-scale
networks (LSNs) that were defined a priori based on
meta-analyses (Power et al., 2011; Cole et al., 2014))
(Fig. 3) by calculating an overlap coefficient between
the data-driven modules and all 13 LSNs. In this
analysis, an overlap coefficient of 100% means that a
given network (for example, the somatomotor network)
is completely included in a given module (for exam-
ple, the multi-system module). The first module, the
fronto-parietal module, consisted mostly of regions from
the fronto-parietal network (overlap in the deaf group
(Xfpdeaf , X
fp) = 100%; overlap in the control group
(Xfpcontrol, X
fp) = 96%). This module had a signifi-
cantly different composition in the deaf as compared to
the control group. In the deaf, the salience network was
associated almost exclusively with the fronto-parietal
network within the fronto-parietal module (overlap in
the deaf group (Xfpdeaf , X
sal) = 72.2%). In the hear-
ing group, however, the fronto-parietal module made
only a small contribution to the salience network nodes
(overlap in the control group (Xfpcontrol, X
sal) = 22.2%),
which turned out to be predominantly associated with
the multisystem module (Fig. 3, black). The second
module (referred to here as the multi-system module)
was the largest and most diverse module (|Xmsdeaf | =
78; |Xmsdeaf | = 99). In the control group, it was com-
posed of the somatomotor, salience, auditory, cingulo-
opercular, ventral-attention, subcortical and cerebel-
lum nodes (overlap > 66%). In the deaf group, however,
this module did not include the salience and ventral-
attention networks (overlap(Xmsdeaf , X
sal) = 5.5%; over-
lap (Xmsdeaf , X
va) = 11.1%) which were associated with
other modules, i.e. the salience network with the fronto-
parietal module, and the ventral attentional network
with the default mode module. The third module,
the default mode module, had a very high overlap
with the default mode network (overlap in the deaf
group (Xdmdeaf , X
dmn) = 93%, overlap in the control
group (Xdmcontrol, X
dm) = 93%). It consisted of 75
nodes in the deaf group and 66 nodes in the control
group. The default mode module was larger in the deaf
group as a result of large contribution from the ventral-
attention (overlap the deaf group (Xdmdeaf ,Xva) = 66.7%)
and memory network nodes (overlap in the deaf group
(Xdmdeaf ,X
mem) = 60%), which, as mentioned previously,
in the hearing group were mostly part of the multi-
system module. The last module, the visual module,
was the most consistent in both groups (overlap(Xvisdeaf ,
Xviscontrol) = 88.6%; |Xvisdeaf | = 44; |Xviscontrol| = 45). In
both groups it was composed primarily from visual net-
work nodes. In agreement with the previous modularity
analysis, we also found that the group-averaged func-
tional network was less modular in the deaf group than
in the hearing group (Qdeaf−av = 0.4571; Qcontrol−av
= 0.4748).
DISCUSSION
In this study we investigated the whole-brain func-
tional organization differences between early-deaf and
hearing adults. Deaf adults exhibited weaker connec-
tion strengths, especially between the auditory and the
somatomotor networks. Besides changes in the func-
tional connectivity of auditory regions, we also found
pronounced connectivity differences between regions lo-
cated outside of the auditory system. These differ-
ences included a stronger functional connectivity be-
tween the fronto-parietal network and other large-scale
5
B
 
Uncertain (UNC)
Auditory (AU)
Default Mode (DM)
Fronto-Parietal (FP)
Memory (MEM)
Somato-Motor (SOM)
Subcortical (SUB)
Ventral Attention (VA)
Visual (VIS)
Deaf < Control
Edges:
Large-scale networks:
Deaf > Control
A
Figure 1: Edge-wise functional network differences visualized (A) in brain space and (B) as a chord diagram. (A) Connections that
are significantly stronger (red) or weaker (blue) in deaf adults. Edge thickness reflects t-test statistic strength. (B) Chord diagram
representing the number of significant edges between different large-scale networks. Red bands represent edges with stronger functional
connectivity in the deaf compared to hearing control, while blue bands represent edges with weaker functional connectivity.
*
A B
Figure 2: Differences in graph measures of cortical segregation and integration between deaf adults and the control group. (A) Dif-
ference in network segregation measured as modularity. (B) Difference in network integration measured as global efficiency. Boxplots
represent topological values calculated for 25% threshold. *p < 0.05
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Deaf
VIS
DM
MS
FP
Reference Control
VIS
DM
MS
FP
Uncertain (UNC)
Cerebellar (CER)
Auditory (AU)
Cingulo-Opercular (CO)
Default Mode (DM)
Dorsal Attention (DA)
Fronto-Parietal (FP)
Memory (MEM)
Salience (SA)
Somato-Motor (SOM)
Subcortical (SUB)
Ventral Attention (VA)
Visual (VIS)
Figure 3: An alluvial diagram representing the segregation of group-averaged networks using a data-driven approach in the deaf (left
side of the diagram) and the control group (right side of the diagram). This segregation is then compared against an a priori segregation
into 13 well-known networks based on meta-analysis studies Power et al. (2011), shown in the middle column and described in the
right-hand side legend. Note that salience nodes (black) are part of the fronto-parietal (FP) module in the deaf group but fall into the
multi-system (MS) module in the control group. In addition, the ventral-attention nodes (dark green) are part of the MS module in
the control group, but in the deaf group they are part of the default mode module (DM). The composition of the last, visual module
(VIS) is highly consistent in both groups.
networks (salience, visual, memory, cingulo-opercular
and somatomotor, default mode) and between the de-
fault mode and the subcortical network in deaf adults.
Using graph theoretical measures, we showed that deaf
adults had a less segregated (modular) network. We
also found different modular organization of functional
networks in deaf subjects. Differences were pronounced
for the salience and ventral-attention systems: in the
control group they were part of a multi-system mod-
ule, but in the deaf they were coupled with the fronto-
parietal and default-mode modules. These results sug-
gest that compensatory brain plasticity in sensory loss
is a combination of changes in the sensory-deprived
brain areas themselves and changes beyond this in non-
deprived brain areas.
Reduced functional connectivity between
auditory and somatomotor areas
In the deaf, we observed reduced functional connectiv-
ity between auditory and somatomotor areas (Fig. 1).
Previous results showed cross-modal plasticity of the
auditory cortex and its engagement in tactile (Auer Jr
et al., 2007; Levänen et al., 1998; Karns et al., 2012)
and visual processing (Petitto et al., 2000; Finney et al.,
2001, 2003; Scott et al., 2014; Dewey and Hartley, 2015;
Bola et al., 2017). One may intuitively expect that this
cross-modal plasticity could be expressed in enhanced
functional connections between the auditory and so-
matomotor networks. However, functional connectivity
results are not always consistent with results of task-
based fMRI studies, and these two approaches might
reveal different properties of brain organization (Grat-
ton et al., 2016; Khambhati et al., 2017). While task-
related activations of the auditory cortex in deaf indi-
viduals or the visual cortex in blind individuals dur-
ing tactile processing were consistently found in previ-
ous studies (Levänen et al., 1998; Karns et al., 2012;
Held et al., 1996; Sadato et al., 1998; Auer Jr et al.,
2007), none of the existing functional connectivity stud-
ies have reported increased connectivity between the
somatomotor cortex and sensorially deprived areas in
deaf or blind individuals (Liu et al., 2007; Burton et al.,
2014; Ding et al., 2016; Li et al., 2016). Moreover,
some studies have demonstrated that blind individu-
als have weakened functional connections between the
visual and somatosensory and motor networks, which is
strongly consistent with our results on deaf individuals
(Liu et al., 2007). Recent evidence revealed a very sim-
ilar effect of weakened connectivity between somatomo-
tor and deprived auditory cortices in deaf cats (Butler
et al., 2018). Liu and colleagues (Liu et al., 2007) inter-
preted their finding of weakened connectivity between
sensory deprived areas and the somatomotor network in
terms of general loss hypothesis (Pascual-Leone et al.,
2005). According to this hypothesis, the functional or-
ganization of the sensory deprived brain may be gen-
erally disrupted because of the lack of sensory input.
However, many studies on early sensory deprivation do
not support this notion (Bavelier and Neville, 2002;
Merabet et al., 2005) (Théoret et al., 2004; Pascual-
Leone et al., 2005). Here, we propose a different expla-
nation for our findings in terms of the neural efficiency
hypothesis (Neubauer and Fink, 2009). According to
this hypothesis, less engagement of certain brain ar-
eas during task processing may indicate that the task
is performed more automatically, with less energy con-
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sumption. In the context of functional connectivity,
learning a new skill can be associated with a reduced
connectivity between areas associated with the trained
domain (Kelly and Castellanos, 2014; Bassett et al.,
2015; Yoo et al., 2013; Wang et al., 2016). For ex-
ample, Yoo et al.(Yoo et al., 2013) reported decreased
functional connectivity between the parietal cortex and
the motor system after 8 weeks of practicing using chop-
sticks with a non-dominant hand. Bassett et al. (Bas-
sett et al., 2015) found that training of a visuomotor
task is associated with reduced connectivity between
the visual and motor networks, suggesting that these
systems are autonomous in relation to task automatiza-
tion. Also, Wang et al. (Wang et al., 2016) reported re-
duced functional connectivity of the somatomotor sys-
tem in world-class gymnasts. In the case of deaf indi-
viduals, the trained skill may be related to the use of
sign language to communicate and to superior tactile
processing. Taken together, the reduced functional con-
nectivity between the auditory and somatomotor areas
in early-deaf adults may be linked to more efficient, au-
tomated sensorimotor processing rather than a general
loss of connectivity.
Increased fronto-parietal connectivity in
deafness
Besides the connectivity decreases outlined above, deaf
subjects exhibited strengthened interconnections, no-
tably with the frontoparietal system. Edge-wise analy-
sis revealed an increased coupling between the fronto-
parietal network and visual areas (Fig. 1). This cou-
pling might support the higher need for visual atten-
tion resources in the deaf. While deaf subjects con-
sistently outperform hearing subjects in several visual
tasks (Scott et al., 2014; Dewey and Hartley, 2015) this
occurs almost exclusively under conditions of high at-
tentional load (Heimler et al., 2017). We speculate that
enhanced connectivity between the sensory and fronto-
parietal networks may provide the neural basis for vi-
sual compensation mechanisms. The altered functional
role of the fronto-parietal system and the enhanced
visual–fronto-parietal interconnections may constitute
the neural basis for the congenitally deaf’s superior per-
formance in both sensory attention and visual working
memory.
Decreased modularity of functional networks in
deafness
Modularity of whole-brain functional networks was
lower in deaf subjects compared to hearing controls,
thus indicating disrupted boundaries between function-
ally specialized systems following early deafness (Fig.
S1). Our findings provide the first evidence of an al-
tered modular organization of functional networks in
sensory deprived subjects. Several studies reported dis-
rupted modular organization associated with healthy
aging (Song et al., 2012; Geerligs et al., 2014), adoles-
cence (Fair et al., 2009), childhood-onset schizophre-
nia (Alexander-Bloch et al., 2010) and autism spec-
trum disorder (Rudie et al., 2013). Other studies
reported increased modularity in patients with ma-
jor depressive disorder (Ye et al., 2015) or attention-
deficit/hyperactivity disorder (Lin et al., 2014). Here,
for the first time we show that sensory deprivation may
reduce modularity at the global brain network level.
These results suggest that sensory deprivation can lead
to a blurring of the lines between specialized brain sub-
systems, while network integration (measured as global
efficiency) remaining at the same level as in normally
developing individuals.
Coupling of salience and fronto-parietal
networks in deafness
Our study found that that the salience network was as-
sociated with the fronto-parietal network in the deaf
group, but not in the control group. Consistently with
our results, in congenitally and early blind subjects
the salience network has previously been shown to ex-
hibit stronger resting-state functional connectivity with
fronto-parietal regions than in the sighted population
(Wang et al., 2014). The effect revealed in our study
may thus be a general consequence of early sensory de-
privation.
The salience network is responsible for identifying
behaviorally important stimuli, forwarding them to the
executive functions network, and mediating higher or-
der cognitive processes (Seeley et al., 2007). Its func-
tional association with fronto-parietal structures plays
a role in working memory processing. Activity of the
salience network is gradually enhanced with increased
working memory load, and this enhancement corre-
lates positively with working memory task performance
(Liang et al., 2015). It can be therefore inferred that its
strengthened association with the fronto-parietal mod-
ule in deafness reflects the enhanced working memory
abilities reported in early sensory deprivation.
In line with this interpretation, task-based studies
reveal the specifically important role the salience net-
work can play in deafness for working-memory-related
functions. When compared with the hearing, deaf sub-
jects recruit the salience network more strongly for
short-term verbal memory tasks (Bavelier et al., 2008)
and exhibit stronger functional connectivity between
salience and auditory structures when processing a vi-
sual working memory task (Ding et al., 2016). Addi-
tionally, deaf subjects have increased gray and white
matter within the salience network (Allen et al., 2008),
and this structural reinforcement has been suggested to
contribute to sign language processing (Kassubek et al.,
2004).
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Altered connectivity of default mode network
in deafness
Our results show differences in the default mode net-
work (DMN) connectivity in the deaf. Whole-brain
network analysis revealed that in the deaf the DMN
has strengthened connections with the subcortical net-
work and the fronto-parietal network, and a weakened
connection with the visual system (Fig. 1). Moreover,
we found that the default mode module in the deaf in-
cludes the ventral attention system. In the hearing, in
contrast, the ventral attention system is coupled with
the multi-system module (Fig. 3).
The exact role of the DMN is debatable. Some stud-
ies provide evidence that it is associated with internally
directed cognitive processing such as mind-wandering
or autobiographical memory (Buckner et al., 2008).
The DMN is also often referred to as a task-negative
network due to its anticorrelation with networks related
to attentional processing (Fox et al., 2005). However, a
new wave of research provides evidence for an integra-
tive role of the DMN which may be crucial for higher
cognitive functions (Vatansever et al., 2015; Margulies
et al., 2016; Finc et al., 2017)). In line with this re-
search, stronger connectivity between the DMN and the
subcortical and fronto-parietal networks may suggest
that the DMN is engaged in network integration that
is necessary to compensate for sensory deficits.
The ventral attention system is typically recruited
by infrequent or unexpected events that are behav-
iorally relevant, and has been implicated in stimulus-
driven, involuntary attentional control (Corbetta and
Shulman, 2002). Therefore, it is plausible that its closer
association with the DMN in the deaf corresponds to an
easier and faster transition between resting state and
the action in response to the unexpected input. The
ability to shift quickly from rest to action seems to be
particularly adaptive in an environment lacking audi-
tory input, as one must deal with a constrained field of
view and higher latency in response time for vision.
Compensatory mechanisms lead deaf people to out-
perform hearing individuals in certain visual tasks, es-
pecially when the location or the exact time of the on-
set of the stimulus is unknown (Bavelier et al., 2006),
or when the stimulus appears outside the central visual
field. The lack of auditory signal is compensated for in
the deaf by enhanced peripheral visual attention (Lore
and Song, 1991; Neville and Lawson, 1987; Stevens and
Neville, 2006). These effects make deaf subjects more
distractible by peripheral visual input (Proksch and
Bavelier, 2002), which may enable them to detect un-
expected stimulus more quickly and respond to unpre-
dicted cues in sign language. On the more general level,
deaf subjects manifest consistently lower response time
to visual input across a variety of visual tasks (Pavani
and Bottari, 2012). The enhanced coupling between
resting-state DMN and the ventral attention system in
the deaf could thus reflect their general higher reactiv-
ity to visual stimuli in deafness as well as more specific
capacities in visual attention.
Overall, our results show substantial differences
in the functional brain network organization between
early-deaf and hearing adults. We have shown that
deaf adults have reduced coupling between the auditory
and the visual cortex. However, we also found mul-
tiple differences in functional connectivity beyond the
auditory network, including the fronto-parietal, default-
mode and salience networks. These results suggest that
changes in brain connections related to sensory depriva-
tion are not limited to the deprived cortices, but mani-
fest themselves in altered connectivity across the entire
brain network.
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SUPPLEMENTARY INFORMATION
Table S1. Characteristics of deaf participants.
SubID Sex Age Cause ofdeafness
Hearing loss
(left
ear/right
ear/mean)
Hearing
aid use
How well the
subject
understands
speech with
hearing aid
Native
language
(oral/sign)
Lan-
guages
primarily
used at
the
moment
of the ex-
periment
Sub01 F 30 Hereditarydeafness
110/90/100
dB
Uses
currently Moderately Sign Sign
Sub02 M 27
Maternal
disease/
drug side
effect
120/90/105
dB
Used in
the past Moderately Sign Sign
Sub04 M 23 Hereditarydeafness
avg: 120 dB,
profound
Uses
currently Moderately Sign
Sign &
oral
Sub05 M 27 Hereditarydeafness
avg: 90-119
dB, severe
Used in
the past Poorly Sign Sign
Sub06 M 27 Hereditarydeafness
avg: 90-119
dB, severe
Used in
the past Poorly Oral
Sign &
oral
Sub07 F 27 Hereditarydeafness
avg: 120 dB
or more,
profound
Used in
the past Poorly Oral
Sign &
oral
Sub08 F 27 Hereditarydeafness
avg: 90-119
dB, severe
Used in
the past Poorly Sign Sign
Sub09 M 27 Hereditarydeafness
120/120/120
dB
Used in
the past Poorly Sign Sign
Sub10 F 32 Hereditarydeafness 89/80/85 dB
Uses
currently Moderately Sign
Sign &
oral
Sub14 F 32
Maternal
disease/
drug side
effect
105/115/110
dB
Uses
currently Moderately Oral
Sign &
oral
Sub17 F 19 Hereditarydeafness
95/100/98
dB
Uses
currently Moderately Sign
Sign &
oral
Sub18 M 27 Hereditarydeafness
94/107/101
dB
Used in
the past Poorly Sign Sign
Sub19 F 30 Hereditarydeafness 90/90/90 dB
Used in
the past Poorly Sign
Sign &
oral
Sub20 F 25 Hereditarydeafness 70/60/65 dB
Uses
currently Well Sign Sign
Sub21 F 37
Maternal
disease/
drug side
effect
110/110/110
dB
Used in
the past Poorly Oral Sign
15
Sub22 F 20 Hereditarydeafness
113/115/114
dB
Used in
the past Poorly Oral
Sign &
oral
Sub23 M 19 Hereditarydeafness
90/110/100
dB
Uses
currently Well Sign
Sign &
oral
Sub24 F 19 Hereditarydeafness
94/103/99
dB
Uses
currently Very well Sign
Sign &
oral
Sub28 F 30 Hereditarydeafness 78/92/85 dB
Uses
currently Poorly Sign
Sign &
oral
Sub29 F 23
Maternal
disease/
drugs side
effect
102/120/111
dB
Uses
currently Moderately Oral
Sign &
oral
Sub31 F 30
Maternal
disease/
drug side
effect
100/120/110
dB
Uses
currently Well Oral
Sign &
oral
Figure S1: Overlap between data-driven representative network modules in hearing and deaf participants and 13 well-known large
scale networks (LSNs) (Power et al., 2011). Vertical axis corresponds to four large-scale functional modules discovered by community
detection algorithm (see Results). Horizontal axis corresponds to LSNs from Power et al. (2011). Darker colors reflect higher overlap
coefficient between pair of modules.
16
